Performance comparison of two solar cooking storage pots combined with wonderbag slow cookers for off-sunshine cooking by Mawire, Ashmore et al.
 1 
Performance comparison of two solar cooking storage pots combined 1 
with wonderbag slow cookers for off-sunshine cooking  2 
 3 
Ashmore Mawire1, Katlego Lentswe1, Prince Owusu1, Adedamola Shobo2, 4 
Jo Darkwa3, John Calautit3, Mark Worall3 5 
 6 
1Department of Physics and Electronics, North West University (Mafikeng Campus), 7 
Private Bag X2046, Mmabatho 2735, South Africa  8 
2Department of Mathematics, Science and Sports Education, University of Namibia, 9 
Private Bag 5507, Oshakati, Namibia 10 
3University of Nottingham, Faculty of Engineering 11 
University Park 12 
Nottingham, NG7 2RD, United Kingdom 13 
 14 
Abstract 15 
Two similar storage cooking pots are experimentally evaluated and compared during solar 16 
cooking and storage off-sunshine cooking periods. One storage pot has sunflower oil as the 17 
sensible heat storage material, while the other has erythritol as the phase change material 18 
(PCM). To test their thermal performance during off-sunshine periods, the two pots are 19 
placed in insulated wonderbag slow cookers. Water and sunflower oil are used as the 20 
cooking fluids in the experimental tests. The sunflower oil cooking pot shows better 21 
performance during the solar cooking periods since it shows shorter cooking times (1.8 -22 
5.6 h) compared to the erythritol PCM pot (3.8-6.6 h). The sunflower oil pot also attains 23 
higher maximum storage temperatures (124 - 145 oC) compared to the erythritol PCM pot 24 
(118 - 140 oC). Storage efficiencies for the sunflower oil pot (3.0 - 7.1 %) are also greater 25 
than those of the PCM pot (2.5 - 3.7 %). During the storage cooking periods, the erythritol 26 
based phase change material cooking pot shows better performance as evidenced by the 27 
lower temperature drops (0.1 - 9.7 oC) from the maximum cooking temperatures compared 28 
to 8.3 to 34 oC for the sunflower oil pot. The heat utilisation efficiencies for the erythritol 29 
pot (4.8 - 14.3 %) are also greater compared to the sunflower oil pot (3.7 - 6 %).  30 
 31 
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1. Introduction and literature review 34 
Solar cookers are environmentally friendly devices that use energy from the sun to cook 35 
food. Recent comprehensive reviews on solar cookers have presented different designs, 36 
applications and approaches for the evaluation cookers to improve their efficiency 37 
(Muthusivagami et al., 2010; Saxena et al., 2011; Cuce and Cuce, 2013; Yettou et al., 2014; 38 
Nkhonjera et al., 2017; Herez et al., 2018; Aramesh et al., 2019). The four main types of 39 
solar cookers are; oven solar cookers (box type), panel cookers, concentrating cookers (e.g. 40 
parabolic dish solar cookers) and indirect type of solar cookers (e.g. evacuated tube solar 41 
cookers with thermal energy storage). Recent work on solar cookers has focussed on 42 
improvements of the design of these cookers to achieve higher operating temperatures by 43 
using reflectors and changes in the design of the solar cookers and cooking pots, improving 44 
the efficiency of solar cookers (Esen 2004; Saxena et al., 2018; Saxena and Agarwal, 2018; 45 
Guidara et al., 2017; Saxena et al., 2020; Sagade et al., 2020; Khallaf et al., 2020). The 46 
efficiency improvement, however, does not guarantee operation during non-sunshine 47 
periods, for example, at night to cook dinner.  Oven and panel cookers have lower 48 
efficiency, achieve lower temperatures, and take a longer time to cook food compared to 49 
concentrating solar cookers and indirect solar cookers, although they are cheaper and easier 50 
to construct (Aramesh et al., 2019). On the other hand, the indirect type of solar cookers 51 
alleviate the problem of cooking when the sun is not available by using thermal energy 52 
storage (TES), but they are rather expensive for mass production compared to the 53 
concentrating type of solar cookers (Aramesh et al., 2019). 54 
A widely available and highly efficient type of concentrating solar cooker is the parabolic 55 
dish solar cooker (Panwar et al., 2012; Kumar et al., 2018; Sagade et al., 2018). Different 56 
studies have been done recently, improving, characterising, and evaluating its thermal 57 
performance. An eco-friendly concentrating solar cooker for extraction of cashew nut shell 58 
oil and household cooking was presented by Mohod et al., (2010). The parabolic 59 
concentrating solar cooker (SK-14) was evaluated for cooking and generation of heat for 60 
cashew nut shell liquid (CNSL) extraction. A no-load temperature of 320 oC was achieved 61 
inside the extractor, and the average oil recovery was reported to be 55-70 %.  Panwar et 62 
al., (2012) presented an experimental investigation of energy and exergy efficiencies of a 63 
domestic sized parabolic dish solar cooker. The heat output of the cooker varied between 64 
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46.67 and 653.33 W, whereas its exergy output varied between 7.37 - 46.46 W. An 65 
experimental study of solar cooking using heat storage in comparison with direct heating 66 
was done by Mussard et al., (2013). For the SK14 direct solar cooker, the cooking pot was 67 
placed on the focal point of a parabolic dish. The system was compared to a parabolic 68 
trough system where heat was transported from an absorber to a storage unit using a self-69 
circulation loop filled with thermal oil. The system with heat storage was slower than the 70 
SK14 cooker for boiling water even with a standard pot. However, the quality of the heat 71 
transfer could be significantly improved with an amelioration of the contact surface of the 72 
heat storage unit. Thermal analysis of solar parabolic dish cooker with back reflection was 73 
presented by Kedar et al., (2017). The thermal performance of this type of solar cooker was 74 
better than a solar box cooker. The design, modelling, energy and exergy analysis of a 75 
parabolic cooker for Nigerian conditions was presented in the work of Onokwai et al., 76 
(2019). The solar cooker was fabricated using inexpensive, and locally available materials 77 
in Nigeria. The average energy and exergy efficiencies of the parabolic cooker were about 78 
39 % and 44 %, respectively. The major problem with the parabolic dish solar cooker, as 79 
with all solar cookers, is that it cannot be used at night or during cloudy periods. 80 
In order to cater for the mismatch between the supply and demand of solar energy for 81 
cooking purposes, TES systems can be integrated with solar thermal solar cookers and 82 
other solar thermal devices (Esen and Ayhan 1996; Esen et al., 1998; Esen, 2000; 83 
Schwarzer and da Silva, 2003; Mawire et al., 2008; Mawire et al., 2010; Kumaresan et al., 84 
2012; Saxena and Karakilcik, 2017; Cuce et al., 2020).  A recent comprehensive review by 85 
Omara et al. (2020) highlighted the advantages and drawbacks of using solar cookers based 86 
on latent heat storage using phase change materials (PCMs), and they concluded that 87 
organic PCMs were the most commonly used in solar cookers due to the lower cost and 88 
high latent heat capacity as compared to other PCMs. Latent heat storage based on PCMs 89 
have recently been used in solar cookers to cook during non-sunshine periods due to the 90 
associated high thermal energy storage densities and quasi-isothermal storage and release 91 
of thermal energy (Buddhi et al., 2003; Chen et al., 2008; Hussein et al., 2008; El-Sebaii et 92 
al., 2009; Saxena et al., 2013; Kumar et al., 2018; Cuce et al., 2020). 93 
The parabolic dish solar cooker offers reasonably good thermal performance at a relatively 94 
low cost, and can be fabricated with locally available materials at reasonable costs, as 95 
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recently investigated by Ahmed et al., (2020) who fabricated cheap parabolic dish solar 96 
cookers for refugee camps and rural households.  However, as already highlighted, this 97 
type of cooker cannot be used to cook food during non-sunshine hours. To alleviate the 98 
problem of cooking during non-sunshine hours, recent works have investigated using TES 99 
indirectly combined with parabolic solar cookers (Prasanna and Umanand, 2011; Musard 100 
and Nydal, 2013; Kumaresan et al., 2016; Saini et al., 2016; Mbodji and Hajji, 2017; Kumar 101 
and Panadian, 2019; El Moussaoui et al., 2020). These are rather expensive and inefficient 102 
methods with more components required and result in additional  heat losses from piping 103 
that is required for transporting heat to the storage system.  104 
Integration of the cooking pot directly with thermal energy storage (TES) has recently been 105 
developed, which ischeaper and more efficient than indirect methods. Lecuona et al., 106 
(2013) investigated a portable solar cooker of a standard concentrating parabolic dish 107 
cooker that incorporated a daily TES utensil. This utensil was formed by two conventional 108 
coaxial cylindrical cooking pots consisting of an internal one and a larger external one. The 109 
space between the two coaxial pots was filled with PCM forming an intermediate jacket. 110 
The results indicated that retaining the utensil inside an insulating box indoors allowed it 111 
to be used to cook food in the evening, whilst also retaining enough heat o cook breakfast 112 
the next morning. An experimental investigation of a parabolic solar cooker with a receiver 113 
incorporating a PCM storage unit was carried out  by Chaudhary et al., (2013). During the 114 
day, acetanilide (PCM) stored solar heat, and during the evening, the solar cooker was kept 115 
in the insulator box where the phase change material delivered heat to the food. To enhance 116 
the performance of the solar cooker, three cases were considered namely; an ordinary solar 117 
cooker, a solar cooker with the outer surface painted black, and a solar cooker with the 118 
outer surface painted black and with glazing. It was observed that the solar cooker with the 119 
outer surface painted black with glazing performed better compared to the other cases. It 120 
was also found out that the PCM in the solar cooker with the outer surface painted black 121 
stored 26.8 % more heat as compared to the PCM in the ordinary solar cooker.  In addition, 122 
the PCM in the solar cooker with the outer surface painted black with glazing stored 32.3 123 
% more heat in comparison to  the PCM in the ordinary solar cooker. The design of a PCM 124 
based domestic solar cooking system for both indoor and outdoor cooking applications was 125 
presented by Rekha and Sukchai (2018). The receiver was formed as a hollow concentric 126 
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cylinder, with heat transfer oil filling the gap between the cylinders. The outer layer of the 127 
receiver was surrounded by vertical cylindrical PCM tubes. The optical efficiency factor 128 
of the solar cooker with the PCM receiver was double that of the receiver without PCM. 129 
The results also concluded that the design of the PCM solar cooking system could expand 130 
the applicability of solar cookers as a compatible cooking solution for cooking applications 131 
instead of using fossil fuel-based cooking systems. The study by Bhave and Thakare (2018) 132 
carried out an experimental investigation of a concentrating type solar cooker using 133 
magnesium chloride hexahydrate as the thermal storage material designed for boiling type 134 
of cooking. The time required to cook 50 g of rice with 100 ml of water was approximately 135 
30 min, and the heat utilisation efficiency above 100 oC was 32.66 %. The thermal 136 
performance evaluation of solar cooker with a latent and sensible heat storage unit for 137 
evening cooking was evaluated by Yadav et al., (2015). The research presented an 138 
investigation on the thermal performance of PCM in combination with different sensible 139 
heat storage materials (SHSMs) in a solar cooker based on a parabolic dish collector for 140 
evening cooking. During sunshine hours, the storage cooking pot was placed on the focal 141 
region of the parabolic dish to store heat. In the evening, the solar cooking storage pot was 142 
placed inside an insulated box and loaded with food. Heat transferred from the PCM was 143 
used to cook the food. It was found that the PCM-Sand and PCM-Stone pebble cases stored 144 
3 to 3.5 times more heat compared to the PCM-Iron grits and PCM-Iron ball cases. The 145 
PCM assisted in cooking while the outer sensible heat material assisted the PCM to 146 
maintain its performance. 147 
The work by Choudhari and Shende (2015) investigated a solar cooking pot with 148 
acetanilide as the PCM. In order to evaluate the internal behaviour of the PCM, a one-149 
dimensional heat balance model was developed, and it was compared with the experimental 150 
results. The results obtained demonstrated that the PCM could absorb solar radiation 151 
throughout daytime periods and use the heat in evening cooking. Nayak et al., (2016) 152 
experimentally investigated acetanilide and stearic acid as PCMs for a storage cooking pot 153 
charged up with an evacuated tube solar collector. The circumference of the cooker was 154 
integrated with a heat exchanger, and the annulus area of the cooking unit was embedded 155 
with PCMs. The results revealed that the cooker was efficiently utilised for cooking during 156 
the evenings due to the use of PCM. The results showed that acetanilide was superior to 157 
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stearic acid in terms of thermal performancewith a cooker utilisation efficiency of 31 % 158 
compared to 25 % for stearic acid. Senthil and Cheralathan (2019) presented the 159 
enhancement of the thermal energy storage capacity of a parabolic dish concentrated solar 160 
receiver using phase change materials. A parabolic dish collector with a reflector aperture 161 
area of 16 m2 was used to test the performance of the solar receiver. Sugar alcohols were 162 
used as the PCMs. The average energy and exergy efficiencies of the receiver with multiple 163 
PCMs were 66.7 % and 13.8 %, respectively, for the heat transfer fluid (HTF) flow rate of 164 
80 kg/h. The solar receiver acted as a thermal battery for meeting thermal needs even after 165 
sunset. Keith et al., (2019) conducted a feasibility study of a collapsible parabolic solar 166 
cooker incorporating phase change materials. This research proposed a collapsible 167 
parabolic solar cooker with 12 panels, and a PCM-incorporated cooking pot as a viable 168 
alternative to firewood. The PCM allowed food cooked during the day-time to be kept 169 
warm and subsequently consumed as an evening meal. Bhave and Kale (2020) recently 170 
developed a thermal storage unit for a solar parabolic dish using a solar salt which was 171 
embedded with the receiver. The TES unit was able to successfully store heat at its melting 172 
point of 220 oC with a charging time of 110 min. Frying temperatures of 170-180 oC using 173 
oil were easily obtained during indoors cooking, and 0.25 kg of potato chips were fried in 174 
17 mins from one heat charging cycle. A portable solar box cooker coupled with an 175 
erythritol-based PCM storage system, was recently reported (Coccia et al., 2020). The TES 176 
unit was a double-walled stainless steel vessel, with the annular volume filled with 2.5 kg 177 
of erythritol. Results showed that equipping the portable solar box cooker with the 178 
erythritol-based TES allowed extending the average load cooling time, in the range of 125-179 
100 °C, to around 351.16 %.  180 
A recent innovation in cooking is the slow cooking wonderbag, which has been used to 181 
retain heat and cook food that has been initially slightly pre-cooked using electric cookers 182 
and liquefied petroleum gas (LPG) (Islam and Salehin, 2014). It is a stand-alone, non-183 
electric insulated bag designed to reduce the amount of fuel required in the cooking of food 184 
in developing countries. Food is only brought up to the cooking temperature and then 185 
placed inside the wonderbag cooker instead of cooking for the whole period. Thermal 186 
insulation in the wonderbag retains the heat so that cooking continues slowly without the 187 
need for additional heat. One of the few scientific studies on wonderbag slow cookers 188 
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carried out by Islam and Salehin (2014) revealed that the wonderbag reduced a significant 189 
amount of energy consumption in the induction cooker and the LPG stove. The tests 190 
showed a range of energy savings from 22-48 % for different food items. The wonderbag 191 
also helped to reduce the carbon footprint and reduced carbon-dioxide emissions by 45-192 
189 g per kg of different foods. The food cooked during the tests was tasted, and it was 193 
found that the texture of the food cooked using the wonderbag was improved. The 194 
wonderbag was primarily designed for slow cooking in conjunction with electric cookers, 195 
biomass and LPG. However, to reduce the use of electrical energy, biomass and LPG for 196 
cooking, it can be combined with solar cooking pots with energy storage especially in rural 197 
areas of developing countries where there is no electrical grid connection. We are not aware 198 
of research into wonderbag together with solar cookers and storage cooking pots in recent 199 
literature searches , and so we will be disseminating novel and interesting research to the 200 
solar cooking and energy utilisation communities. Using the wonderbag with solar storage 201 
cooking pots can be a sustainable cooking solution for people in rural areas in the 202 
developing countries where there is an abundance of solar energy. However,  the 203 
performance of solar storage pots and wonderbags could be limited by the amount of solar 204 
radiation available at a particular location and the prevailing weather conditions. 205 
It is clear from the literature review that limited work has been done on solar cooking 206 
storage vessels or pots, and more work needs to be done in terms of improving the storage 207 
efficiency, finding suitable storage materials and improving heat retention properties. In 208 
addition to this, solar cooking pots need an insulating container for them to retain heat that 209 
will be used for cooking later effectively. This paper thus presents a novel study which will  210 
evaluate the performance of solar cooking pots with TES combined with wonderbag slow 211 
cookers for cooking during non-sunshine hours. This study has never been done, and will 212 
assist developing countries who have limited electricity supplies for cooking, where 213 
biomass is the major source of energy for cooking, but which presents hazards to the 214 
environment and to human beings. The two main viable storage options for solar cookers 215 
are latent heat storage using PCMs and sensible heat storage; thus, two storage cookers will 216 
be compared. Sensible heat storage has the advantage of being less expensive than latent 217 
heat storage, but has lower energy density for TES applications. Two solar cooking storage 218 
pots will be compared in this work. One storage cooker uses sunflower oil as the sensible 219 
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heat storage material. Sunflower oil has been reported by recent studies to be a viable 220 
storage medium since it is food grade, inexpensive and readily viable, non-toxic and has 221 
comparable performance to other heat transfer oils (Hossain et al., 2010; Mawire, 2016; 222 
Hoffmann et al., 2018). The other storage cooker uses erythritol as the PCM which is an 223 
affordable, food-grade, non-toxic and a readily available PCM that has been proposed 224 
recently for solar cooking TES applications (Lecuona et al., 2013; Mawire et al., 2019; 225 
Anish et al., 2020; Coccia et al., 2020; Mawire et al., 2020a). Preliminary cooking 226 
experimental results are presented using the two storage cooking pots heated up with solar 227 
parabolic dish solar cookers combined with wonderbag slow cookers for off-sunshine 228 
cooking. This study will add invaluable information on solar cooking storage pots and 229 
wonderbag slow cookers where limited previous research has been reported on these two 230 
devices.  231 
 232 
2. Materials and method 233 
2.1. Parabolic dish solar cooker 234 
A photograph for the parabolic dish solar cooker used in the experiments is shown in Figure 235 
1. It has a diameter of around 1.2 m and a manual tracking mechanism to allow proper 236 
focusing of solar radiation on to a stand where the pot is placed.  It is relatively inexpensive 237 
costing about R1500 (~USD 85), and is purchased locally in South Africa from SunFire 238 
Solutions (2020). The performance of this parabolic dish solar cooker has recently been  239 
evaluated using different non-heat storage cooking pots and fluids, and it was found to 240 















Figure 1: A photograph of the parabolic dish solar cooker used in the cooking tests.  254 
 255 
2.2. Solar cooking pot and storage materials 256 
Different views of the storage cooking pot are shown in Figure 2. The storage cooking pot 257 
is made with stainless steel, and it has an internal cavity in which the storage material is 258 
placed. The pot is painted black in order to increase its absorbance of solar radiation, as 259 
shown in Figure 2(c). A standard cooking pot lid fits on the top of the storage pot, and is 260 
closed to increase its efficiency during cooking tests. The top of the pot has three air vents 261 
to allow for thermal expansion of the storage materials. Three K-type thermocouples are 262 
embedded on the sides of the pot to measure the temperature of the storage material, as 263 
shown in Figure 2(b).  A K-type thermocouple is also placed inside the cooking pot to 264 




















Figure 2: Photographs of the storage cooking pot; (a) plan view, (b) side view and (c) the 283 
storage cooker painted black in a solar cooking experiment. 284 
  285 
The properties of two cooking pots used in the experiments are shown in Table 1. The 286 
masses of the erythritol and the oil cooking pots are nearly the same. Figure 3 shows a 287 
schematic diagram indicating the dimensions of the storage pot presented in Table 1. The 288 
three thermocouples are placed at vertical distances of 0.024 m, 0.06 m and 0.09 m from 289 
















Table 1: Properties of the cooking pots 302 
Property Value 
Material of pots Stainless steel 
Thickness of stainless steel used for the pot (m) 0.003 
Mass of oil pot (kg) 1.915 
Mass of erythritol pot (kg) 2.020 
External pot diameter (m) 0.320 
Internal pot diameter (m) 0.250 
Internal pot depth (m) 0.078 
Outer pot depth (m) 0.110 
. 303 
Thermophysical properties of the two storage materials, erythritol and sunflower oil, are 304 
shown in Table 2. Erythritol was purchased locally in South Africa from Faithful to Nature, 305 
and sunflower oil was also purchased locally from Shoprite. These are local supermarket 306 
stores in South Africa. Sunflower oil was poured in the cavity of the storage pot in its liquid 307 
form, whereas erythritol first had to be melted to be poured into the storage pot. Nearly 308 
equal volumes of sunflower oil and erythritol were poured into the cavities; 3.750 and 3.780 309 
litres, respectively. It was opted to use equal volumes rather than equal masses so as to 310 
measure the temperatures in the storage cavity more accurately. Equal masses would have 311 
resulted in the top thermocouple of the erythritol pot being exposed to ambient conditions 312 
since its mass would have occupied a smaller volume because of its larger density. 313 
Erythritol has a larger density; thus, its storage mass of 5.438 kg was larger as compared 314 
to 3.438 kg for sunflower oil. Erythritol also shows a reasonably higher thermal 315 
conductivity both in the liquid and solid states compared to sunflower oil. The 316 
thermocouples connections had rubber seals connected to the ferrules to prevent any sort 317 
of leakages during heating of the pots. Each pot was electrically heated on a hot plate at 318 
maximum temperatures of up to 300 oC to test for leakages and the thermal expansion 319 
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capability. No visible leakages through the thermocouples and the thermal expansion air 320 
vents were observed in both pots after electrical heating.  321 
 322 
Table 2: Thermophysical properties of the two storage materials used in this study 323 
Property Erythritol Sunflower Oil 
Melting Temperature (oC) 118.4 - 122.0   (Shobo and Mawire, 2017)                      N/A                         
Specific Heat Capacity (kJ/kgK) 1.38 (20 oC), 2.76 (140 oC) (Gunasekera et al., 2018) 
𝑐 = 2.115 + 0.00131𝑇   (Mawire, 
2016) 
Phase change enthalpy (kJ/kg) 310.6 (Shobo and Mawire, 2017)                        N/A                      
Density (kg/m3) 1480 (20 oC), 1300  (140 oC) (Agyenim et al., 2010)                                                 𝜌 = 930.62 − 0.65𝑇 (Mawire, 2016)       
Thermal conductivity (W/mK) 0.733 (20 oC), 0.326 (140 oC) (Agyenim et al., 2010)                      0.17 (Hoffmann et al., 2018) 
Volume of storage material in the 
pot (litres) 
3.780 3.750 




2.3. Wonderbag cookers 325 
The wonderbag insulated slow cooker used for the off-sunshine cooking experiments is 326 
shown in Figure 4. The wonderbag is a stand-alone, non-electric insulated bag mainly 327 
designed to reduce the amount of fuel required in the cooking of food. Instead of placing a 328 
pot on electrical, fossil fuel-based or biomass stoves for the duration of the cooking period, 329 
food is instead only heated to up to a hot enough temperature and then transferred to the 330 
wonderbag. It then uses the principle of thermal insulation to continue cooking and keeps 331 
food warm without needing additional fire or heat. The wonderbag is estimated to save up 332 
to 30 % of the total fuel costs associated with cooking with kerosene (paraffin) alone. In 333 
developing countries, there are numerous advantages for the product, as it immediately 334 
helps ease deforestation of natural reserves, and it frees up those who would spend their 335 
time gathering extra wood for fire fuel (May 2015). The wonderbag consists of an inner 336 
layer of insulation containing recycled polystyrene balls, with an outer draw-string 337 
covering of polyester-cotton blended textiles (Islam and Sahelin, 2014). The polystyrene 338 
balls have a low thermal conductivity of 0.03 W/mK making them a good insulator. The 339 
dimensions of the wonderbag and the other technical details are shown in Table 3. The 340 
properties of the wonderbag used in the experiments are very similar to those reported by 341 
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Islam and Sahelin (2014). The storage cooking pots are placed in the wonderbag so that 342 
the stored heat can be transferred to the food placed inside the pots. The top cover is closed 343 
during the non-sunshine cooking experiments. Heat is conducted from the storage cavity 344 
to the food during the non-sunshine cooking experiments. Medium-sized wonderbags with 345 
capacities of up to 6 litres  are used in the experiments. The wonderbags are manufactured 346 









Figure 4: A photograph of the insulating wonderbag slow cooker used for heat retention 356 
cooking tests. 357 
Table 3: Properties of the wonderbag cookers 358 
Property Value 
Mass of empty  wonderbag (kg) 1.700 
Capacity (m3) 0.008 
External height without pot (m) 0.200 
Internal height without pot (m) 0.140 
Diameter fully open (m) 0.910 
Diameter with pot inside (m) 0.500 
Base diameter (m) 0.400 
Thickness of insulation (m) 0.126 
Thermal insulation Polystyrene 




2.4. Experimental method 360 
Temperatures in storage cooking pots, and the direct solar radiation were monitored during 361 
each test. Figure 5 shows the two storage pots in a solar cooking experiment using the 362 
parabolic dish solar cookers in an open space with no obstruction from trees and buildings. 363 
K-type thermocouples with an accuracy of ± 2.2 oC were used to monitor the temperature 364 
in the solar heating experiments. An Eppley normal incidence pyroheliometer with a solar 365 
tracker was used to measure the direct normal incidence (DNI) radiation (Eppleylab, 2020). 366 
It has a single point measurement uncertainty of less than ± 5 W/m2 and a 95 % response 367 
time of 5 s. The ambient temperature was also measured with a K-type thermocouple 368 
during each experiment period. The minimum period for each experiment was at least 3 h 369 
in Mahikeng, South Africa as previously established by Mawire et al., (2020b). This 370 
minimum cooking period was deemed adequate for high enough temperatures to be 371 
achieved inside three different cooking pots without storage. The cookers used manual 372 
tracking based on shading of the pots, and the cookers were adjusted every 15 minutes so 373 
that maximum solar radiation was incident on the pots with minimal shading. The 374 
experimental tests were carried out at the same time and hence similar ambient conditions. 375 
A total of eight  tests were carried out with different types of foods. The first four 376 
experiments, indicated in Appendix A, considered solar water heating experiments with 377 
the same load of 2.0 kg to store energy in the storage materials. Cooking experiments were 378 
then carried out with different types of food after water heating with the 2.0 kg load. The 379 
other four experiments are the main contents of this paper, which investigated solar and 380 
storage cooking using the same type and amount of food. Two cooking experiments were 381 
performed using water as the cooking fluid, and another two were performed using 382 
sunflower oil as the cooking fluid for both storage pots. The same amount and type of food, 383 
as indicated in Tables 5 and 6 was put in the storage cooking pots in each experimental test 384 
during the solar and storage cooking phases. The thermocouples and the pyrheliometer 385 
were connected to an Agilent 34970 A datalogger (Agilent 34970 A data logger, 2020) 386 
which logged the data to a computer every 10 s for each experimental cooking period.  The 387 
wind speed was also measured manually every 30 mins with a handheld anemometer to get 388 
an idea of the prevailing wind speed conditions which affected the performance of the solar 389 
cookers (Benetech anemometer, 2020). The measurement interval was made 30 mins due 390 
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to the manual nature of the wind speed measurement since only estimated values were 391 
required, and a detailed analysis of the wind speed effects was beyond the scope of this 392 
study.   393 
The details of the instruments and sensors used in the experiments are shown in Table 4.  394 
The wind speed anemometer shows the lowest accuracy, and the data logger is able to 395 
measure the voltage signal from the pyrheliometer and temperature signals from K-type 396 
thermocouples with a good degree of accuracy. In terms of the wind speed measurement, 397 
the maximum uncertainty of ±0.2 m/s is obtained using its accuracy for a maximum wind 398 
speed of 3.1 m/s in the experimental tests. The average hourly solar radiation during the 399 
experimental tests ranges from 642 W/m2 to 919 W/m2, and the uncertainty is estimated to 400 
be in the range of ±6 W/m2 to ±9 W/m2 according to the accuracy of the pyrheliometer.  401 
From the temperature range of 25 oC to 150 oC in the experimental tests, and using the 402 
uncertainty of the K-type thermocouple, the average percentage uncertainty in the 403 
temperature readings is around ±2.5 %. The maximum percentage uncertainties in the 404 
measured values are at most 5 %; therefore, the measured readings are deemed to be 405 
acceptable and reasonably accurate. 406 
 407 
Table 4:  Details of the instrumentation  408 
Name Parameter Range Accuracy Resolution 
Eppley pyrheliometer  Direct solar radiation  0-10 mV(0-1250 W/m2) 
–Sensitivity 8 
µV/(W/m2) 
Single point, ±5 
W/m2, Daily and 
Hourly Average, ±1 
%   
1 W/m2 
K-type thermocouple Temperature -200-1260 oC ±2.2 oC 0.1 oC 
Benetech anemometer Wind speed 0-30 m/s ±5 %  0.1 m/s 
Agilent 34970A Datalogger  K-type of thermocouple  -100-1200 oC ±1.0 oC 0.1 oC 
Agilent 34940A Datalogger  Voltage (Pyrheliometer) 0-100 mV ±0.009 % 0.001 mV 














Figure 5:  Experimental testing of the two storage cooking pots with two parabolic dish 420 
solar cookers. 421 
 422 
For the off-sunshine cooking experiments, the two cooking pots were loaded with the same 423 
amount of food as in the solar cooking experiments immediately after solar cooking for 424 
maximum utilisation of the stored heat. The repeated use of the stored heat after a storage 425 
cooking test was also investigated to find out if extended use of the stored heat was 426 
possible. The cooking pots were placed in wonderbag slow cookers which were closed with 427 
the top covers, as shown in Figure 6. Draw-strings were tightened once the pots were inside 428 
the wonderbags so that the stored heat could effectively cook food. The storage cooking 429 
tests were carried out indoors. As with the solar cooking tests, the off-sunshine tests were 430 
carried out two times each with water and sunflower oil as the cooking fluids. Each heat 431 
retention cooking test was carried out for a minimum duration of one hour deemed to be 432 
adequate for cooking food as established by Chaudhary et al., (2013) who performed 433 
similar tests with a storage cooking pot. The storage and cooking temperatures were 434 

















Figure 6: Wonderbag cookers with the storage pots placed inside them during the heat 450 
retention off sunshine cooking experiments. 451 
 452 
 453 
Table 5 shows a summary of the experimental conditions and dates for the solar cooking 454 
periods. The first two tests were performed with water, while the last two tests were 455 
performed with sunflower oil. The tests with water were carried out with larger food masses 456 
as compared to those with sunflower oil.  Generally, for the majority of tests, the average 457 
solar radiation was above 800 W/m2. The first test was under very cloudy conditions; thus, 458 
the average solar radiation was lower at 642 W/m2 with a very high standard deviation of 459 
around 58 % of the average solar radiation value. This test thus had the longest duration of 460 
6.6 h.  The best test conditions were seen during test 4, with the highest average solar 461 
radiation and the lowest standard deviation in the average solar radiation. The average 462 
ambient temperatures were greater than 26 oC for all the tests.  The average wind speed 463 
was less than 2 m/s for all the tests. Test 2 and test 3 had lower average wind speed 464 







Table 5:  A summary of the experimental conditions during the solar cooking periods 470 
 471 














Total solar cooking 
period (h) 
Total mass of food 
cooked (kg)  
1-28/02/20  642±377 1.9±0.8 31.9±2.0 6.6 0.9 
2-09/03/20 887±198 0.9±0.9 29.2±1.7 4.8 0.9 
3-24/03/20 837±252 1.1±0.4 26.6±2.0 3.8 0.5 
4-25/03/20 919±66 1.6±0.4 30.3±1.4 4.2 0.5 
 472 
A summary of the test conditions for the storage cooking periods immediately after the 473 
solar cooking tests is presented in Table 6. The same types and amount of food were used 474 
as in the solar cooking tests. Test 4, with the best solar cooking conditions, had two 475 
consecutive storage cooking periods, and the total cooking period was 2.5 h. As with the 476 
solar cooking tests, the experimental tests with water used a larger mass of water and food. 477 
Test 1 had the longest cooking period due to the type of food which was cooked. 478 
 479 
Table 6:  A summary of the experimental test conditions during the storage cooking periods 480 
 481 
Test No and Date Total storage 
cooking period (h)  
Total mass of food 
cooked (kg) 
Cooking fluid Type of food cooked  
1- 28/02/20 1.7 0.9 Water Potatoes/rice 
2-09/03/20 1.5 0.9 Water Rice/chicken 
3-24/03/20 1.0 0.5 Sunflower oil Chicken/fries 
4-25/03/20 1.2, 1.3 0.5, 0.3 Sunflower oil Chicken/fries/tomatoes, 
Chicken 
 482 
2.5. Experimental thermal analysis 483 
The total solar energy incident on the dish aperture area for the solar cooking period can 484 
be estimated as (Bhave and Kale, 2020); 485 
𝑸𝒊𝒏𝒄486 
= ∑ 𝑰𝒂𝒗 𝑨𝒄∆𝒕                                                                                                                     (𝟐. 𝟏) 487 
, where 𝑰𝒂𝒗 is the cumulative moving average solar radiation at each time interval during 488 
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the solar period to cater for fluctuations in the solar radiation, 𝑨𝒄 is the dish aperture (~1.12 489 
m2, estimated from the diameter of the dis, d =1.19 m) and ∆𝒕 is the data logging time 490 
interval of 10 s.  The cumulative moving average solar radiation is calculated as; 491 
  492 
𝑰𝒂𝒗493 





                                                                                                                           (𝟐. 𝟐) 494 
, where N is the number of samples taken during the measurement interval. 495 
 496 
The total energy stored during the solar cooking period is estimated as (Bhave and Kale, 497 
2020); 498 
𝑸𝒖𝒔𝒕499 
= ∑ 𝒎 𝒄𝑺∆𝑻                                                                                                                     (𝟐. 𝟑) 500 
, where m is the mass in the storage pot, 𝒄𝑺 is the specific heat capacity of the storage 501 
material and ∆𝑻 is the moving average temperature between the next and previous time 502 
step interval ∆𝒕. A cumulative moving temperature is evaluated in a similar manner to the 503 
solar radiation as; 504 
𝑻𝒂𝒗505 





                                                                                                                           (𝟐. 𝟒) 506 
, to account for up and down fluctuations of the temperature due to the variable wind speed 507 
and solar radiation conditions. 508 
The solar energy storage is thus given by the ratio total energy stored to the total solar 509 




.                                                                                                                        (𝟐. 𝟓) 511 
During the storage cooking period, the total heat utilisation can be estimated by considering 512 
the total heat delivered to the cooking fluid and the total heat delivered to each type of food, 513 
and it is expressed as (Bhave and Kale, 2020);  514 
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𝑸𝒖𝒕𝒊 = ∑ 𝒎𝒍 𝒄𝒍∆𝑻 +  ∑ 𝒎𝒇𝟏 𝒄𝒇𝟏∆𝑻 + ∑ 𝒎𝒇𝟐 𝒄𝒇𝟐∆𝑻515 
+ ∑ 𝒎𝒇𝟑 𝒄𝒇𝟑∆𝑻                     (𝟐. 𝟔) 516 
, where 𝒎𝒍 is the mass of the cooking fluid, 𝒄𝒍 is the specific heat capacity of the cooking 517 
fluid, 𝒎𝒇 is the mass of food, 𝒄𝒇 is the specific heat capacity of the food. The subscripted 518 
value, 1, 2, 3 on the mass and specific heat capacities of the foods indicate the number of 519 
food cooked, which in this case is three. For two types of food, the last term in Eq. (2.6) 520 
will not appear. The heat utilisation efficiency can be estimated from the ratio of the total 521 





.                                                                                                                                  (𝟐. 𝟕) 524 
The specific heat capacity of sunflower oil (one of the storage and cooking fluid) is 525 
temperature-dependent, and it can be expressed as (Mawire, 2016); 526 
𝒄𝒂𝒗 (𝑱 𝒌𝒈𝑲)⁄ = 𝟐𝟏𝟏𝟓. 𝟎𝟎527 
+ 𝟑. 𝟏𝟑𝑻𝒂𝒗                                                                                       (𝟐. 𝟖) 528 
, where 𝑻𝒂𝒗 is the moving average temperature calculated from the number of samples 529 
measured. The other specific heat capacity of the other storage material, erythritol is also 530 
temperature-dependent, and it is given as (Gunasekera et al., 2018); 531 
𝒄𝒂𝒗 (𝑱 𝒌𝒈𝑲)⁄ = 𝟏𝟐𝟔𝟗532 
+ 𝟒. 𝟏𝟎𝑻𝒂𝒗.                                                                                             (𝟐. 𝟗) 533 
The specific heat capacities of the other cooking fluid (water), and foods (rice, potatoes, 534 
chicken and tomatoes) are assumed constant. The specific heat capacities are taken to be 535 
4.187, 0.370, 3.430, 3.220 and 3.980 kJ/kg K, respectively, for water, rice, potatoes, 536 
chicken and tomatoes as obtained from the online Engineering ToolBox (2020).   537 
To estimate the uncertainties in the mean solar energy incident, mean energy stored, mean  538 
heat utilisation, mean storage efficiency and mean storage heat utilisation efficiency for  539 
each experimental test, a propagation of error method of the whole solar cooking period is 540 
considered according to Eqs. (2.1, 2.3, 2.5, 2.6, 2.7) and propagation of error method was 541 
implemented as reported by Mawire et al., (2020c). The uncertainties in the measured 542 
variables are obtained from Table 4, and the error in the specific heat capacity is δcav = ±21 543 
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kJ/kg K (Mawire et al., (2020c). The percentages errors vary from 1.5 % to 5.5 % of the 544 
calculated values, which is deemed acceptable. 545 
 546 
3. Results and discussion 547 
Figure 7 shows the results of the cooking experiment performed on an overcast day on 28 548 
February 2020 using the two storage cooking pots (one with erythritol as the PCM, and the 549 
other one with sunflower oil). Solar and storage cooking were done with a total cooking 550 
mass of 0.9 kg (0.4 kg of potatoes/rice and 0.5 kg of water). The test day was cloudy and 551 
windy with the solar radiation and wind speed fluctuating up and down. The solar cooking 552 
period was just over 6.5 hrs, and the average solar radiation and wind speed were around 553 
642 W/m2 and 1.9 m/s, respectively. Even with these poor weather conditions, the 554 
temperatures of the storage pots are seen to rise to cooking temperatures above 70 oC 555 
(Figure 7 (b)). TOILST is the oil storage temperature at the bottom of the pot that is close to 556 
the temperature of the food in the oil cooking pot represented by TOILF. Similarly, TPCMST 557 
is the PCM storage temperature at the bottom of the PCM pot exposed to the majority of 558 
solar radiation, and TPCMF is the food temperature inside the cooking pot. The oil cooking 559 
pot shows higher temperatures during the solar cooking period due to its lower thermal 560 
mass compared to the erythritol PCM pot. All temperatures in the storage pots fluctuate up 561 
and down to maximum values during the solar cooking period due to the variable solar 562 
radiation and wind speed conditions.  The solar radiation seems to have more influence on 563 
the fluctuations as seen by corresponding drops of the temperature profiles during the 564 






















































































































Figure 7: (a) Direct solar radiation, wind speed profiles and, (b) temperature profiles of the 575 
two storage pots on 28 February 2020.  576 
 577 
The food in the oil pot was cooked earlier after physically tasting it in comparison to the 578 
PCM pot, and this is shown by the drop of TOILF around 14:45 h where food was removed 579 
from it. It took about 5 h to cook food using the oil storage pot because of the very cloudy 580 
conditions. After removing food inside the oil storage pot, the temperature inside the pot 581 
quickly rose to a peak value of around 140 oC, which was very close to the oil storage 582 
temperature. On the other- hand, the food in the heavier PCM storage pot was cooked about 583 
1h:45 mins later. The maximum storage temperature in the PCM pot was around 120 oC at 584 
the end of the solar cooking period, which was not adequate to induce phase change fully 585 
in erythritol. The maximum food temperature in the PCM storage pot was around 80 oC, 586 
and it fluctuated to a lesser extent than the food temperature in the oil cooking pot.  587 
During the storage cooking period, the PCM storage pot shows better thermal performance 588 
with a maximum temperature of around 93 oC that drops marginally to around 89 oC at the 589 
end of the cooking period. On the other hand, even with the higher initial oil storage 590 
temperature, the food cooked with the oil cooking pot achieved a maximum temperature 591 
of only around 87 oC, and it dropped to around 69 oC at the end of the cooking period. This 592 
is attributed to the higher thermal conductivity of erythritol both in the liquid and the solid 593 
phase combined with its larger thermal mass. Heat conduction from the storage medium to 594 
the food is the main form of heat transfer in the wonderbag slow cookers. It is also 595 
important to note that even without the phase change process to due lower temperatures 596 
achieved in the PCM storage pot, it still outperforms the oil storage pot. The oil storage 597 
temperature drops more rapidly when compared to the PCM storage temperature indicating 598 
better heat utilisation with the PCM storage pot. 599 
Figure 8 shows photographs of the cooked food on 28 February 2020 after 100 mins using 600 
the wonderbags and the storage pots. The potatoes and the rice were well cooked with both 601 
pots; however, the heat utilisation of the PCM storage pot was more effective. In principle, 602 
both storage cooking pots could be used for off sunshine cooking when combined with the 603 












(a)                                                       (b) 614 
Figure 8: Rice and potatoes cooked with water using the wonderbags combined with (a) 615 
the oil storage cooking pot and (b) the erythritol storage cooking pot. 616 
 617 
Results of another  performed on 9 March 2020 on a slightly cloudy day with the two 618 
cooking pots are shown in Figure 9. The average solar radiation and wind speed were about 619 
887 W/m2 and 0.9 m/s, respectively, which were better weather conditions for solar 620 
cooking than in the previous test. In this test, also 0.9 kg of food was cooked during the 621 
solar and storage cooking periods (0.5 kg of water and 0.4 kg of rice/chicken). As with the 622 
other cooking case, the oil pot temperatures are generally higher than the PCM pot 623 
temperatures for most of the solar cooking period. The PCM storage temperature shows an 624 
accelerated rise from about 14:15 h to around 15:15 h becoming higher than oil storage 625 
temperature. This may be attributed to localised heating of the PCM pot at the bottom as 626 
manual solar tracking was used in the experiments and it was difficult to achieve perfect 627 
uniform heating of the storage material in some instances. However, the oil storage 628 
temperature is higher than the PCM storage temperature for most of the duration of solar 629 
cooking. Fluctuations of the food temperature due to the external physical conditions are 630 
less evident in the PCM storage pot as compared to the oil storage pot. The maximum solar 631 
cooking temperature achieved in the oil storage pot is around 95 oC, whereas in the PCM 632 
storage pot it is around 85 oC. The cooking time (10:40 -14:15 h, 3h:25mins) for the oil 633 
storage pot during solar cooking is also shorter than the cooking time using the PCM 634 
storage pot (10:40-15:30 h, 4h:50 mins) as with the previous cooking test using water.  635 
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However, in this test, water was added after cooking food for the oil storage pot; thus, the 636 










Figure 9: (a) Direct solar radiation, wind speed profiles and, (b) temperature profiles of the 647 
two storage pots on 9 March 2020.  648 
 649 
The storage cooking period shows higher temperatures and more effective heat utilisation 650 
was achieved in the PCM storage pot with the maximum food temperature of around 86 651 
oC, whereas it was 79 oC for the oil storage pot. The final storage temperatures were around 652 
77 oC and 68 oC for the PCM pot and the oil pot, respectively. Food cooked with the oil 653 
storage pot was partially cooked as a result of these lower temperatures, whereas the PCM 654 
pot cooked the food well during this experimental test in a duration of 1.3 h. 655 
Test results using sunflower oil as the cooking fluid for a cooking test performed on 24 656 
March 2010 are shown in Figure 10. In this test, the mass of the food and the cooking fluid 657 
was 0.5 kg (0.1 kg of cooking oil and 0.4 kg of chicken/potato chips (fries)). It was 658 
generally a slightly cloudy day with three cloudy periods in the duration of the experiment. 659 
The average solar radiation and wind speed were around 837 W/m2 and 1.1 m/s, 660 
respectively. These conditions were better than the first experimental test and slightly 661 
worse compared to the second test. Generally, higher storage temperatures are achieved 662 
using sunflower oil compared to the two previous tests, and the test  duration of solar 663 
cooking is less. This is as a direct result of using a lower thermal mass of sunflower oil 664 
which causes the temperature to rise more. Even though the melting temperature of 665 
erythritol is exceeded no clear phase change transition is seen during the temperature rise 666 
period. The only sort of phase change phenomenon is seen between 14:15-14:45 h where 667 









































































































the PCM shows an almost constant temperature of 110 oC after peaking. This probable 668 
phase change temperature is lower than erythritol’s stipulated phase change range which is 669 
118-120 oC, possibly due to impurities in the purchased sample or the transformation to a 670 
semi-amorphous state. The localised heating of the PCM in the storage pot due to imperfect 671 
manual tracking could also explain why the temperature rises very fast during heating with 672 
no observed phase change phenomenon. It should also be stated that the parabolic dish 673 
solar cooker is quite cheap and it comes with imperfections since it is designed for 674 
developing countries. As with the other previous tests, the fluctuations of the food 675 
temperature in the PCM storage pot are less as compared to those in the oil storage pot. 676 
The solar cooking period for the oil pot is about 1h:45 mins, whereas for the PCM pot it is 677 
almost 2 h more (~3h:45 mins). The maximum solar cooking temperature for the oil storage 678 










Figure 10: (a) Direct solar radiation, wind speed profiles and, (b) temperature profiles in 689 
the two storage pots on 24 March 2020.  690 
 691 
For the storage cooking period, it is also observed that the oil storage pot shows a more 692 
rapid drop in the oil storage temperature compared to the PCM storage pot indicating poor 693 
storage heat utilisation. The oil storage temperature drops from around 140 oC to just above 694 
90 oC, while the PCM storage shows a smaller drop from about 105 oC to just below 100 695 
oC.  The food temperature in the PCM storage pot rises more steadily, and effective cooking 696 
is possible with the stored heat from it, even though lower storage temperatures are attained 697 
during solar cooking. Both pots cook the food well using the stored heat; however, more 698 
heat is retained after the cooking process in the PCM storage pot.  699 



































































































The results for a cooking test using sunflower oil done on 25 March 2020 are shown in 700 
Figure 11. In this test, the solar cooking load was 0.5 kg (0.1 kg of sunflower oil and 0.4 701 
kg of chicken/chips), and two storage cooking loads were used for two consecutive storage 702 
cooking periods. The load in first storage period was 0.5 kg (0.1 kg of sunflower oil and 703 
0.4 kg of chicken/chips/tomatoes), while in the second storage period it was 0.3 kg (0.05 704 
kg of sunflower oil and 0.25 kg of chicken). It was a slightly cloudy day, and the average 705 
solar radiation was around 919 W/m2, and it was the best average solar radiation in all the 706 
tests. This  test had the second-highest average wind speed of 1.6 m/s, which reduced the 707 












Figure 11: (a) Direct solar radiation, wind speed profiles and, (b) temperature profiles in 720 
the two storage pots on 25 March 2020.  721 
 722 
During the solar cooking period, the initial fastest temperature rise is seen with the PCM 723 
storage temperature from the start of the experiment to around 12:30 h. This can be 724 
explained with the higher initial storage temperature and manual tracking resulting in more 725 
localised heating of the PCM storage pot during the initial periods. However, the oil storage 726 
cooking pot shows higher storage and food temperatures after this higher initial 727 
temperature rise of the PCM storage pot. As with the other cases, the food is cooked faster 728 
during solar cooking with the oil storage pot. It takes only 2h:10 mins for the oil cooking 729 
pot when compared to around 4h:10 mins for the PCM storage pot, which is almost double 730 
the time.  731 









































































































For storage cooking period 1, both the storage and food temperatures for the oil storage pot 732 
drop rapidly during the cooking process. Unlike the oil storage pot, the PCM storage 733 
temperature drops very slowly, and it seems to be delivering storage latent heat in the 734 
temperature range between 105 oC-110 oC. The food temperature also rises quickly to 100 735 
oC, and this temperature is maintained for the whole of storage cooking period 1. The food 736 
cooked with the PCM storage cooking pot is slightly more well-cooked as compared to the 737 
food cooked with oil storage pot. The second storage cooking also shows better thermal 738 
performance with the PCM storage cooking with a maximum food temperature of around 739 
90 oC compared to 81 oC for the oil storage cooking pot. The food temperature only drops 740 
by 3 oC at the end of the cooking period for the PCM storage pot indicating the potential 741 
for another extra cooking period. In contrast to this, the oil storage pot food temperature 742 
drops by around 8 oC, and cooking food in another storage period is really not possible. 743 
The chicken cooked with the PCM storage pot during storage cooking period was well-744 
cooked, while it was partially cooked during the same period using the oil storage cooking 745 
pot.     746 
Figure 12 shows the food cooked on 25 March 2020 during the first storage cooking period 747 
using the two pots. The food cooked with the PCM storage cooking pot is browner and 748 












(a)                                          (b) 761 
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Figure 12: Chicken, tomatoes and chips (fries) cooked with sunflower oil using the 762 
wonderbags combined with (a) the oil storage cooking pot and (b) the erythritol storage 763 
cooking pot during the first cooking period. 764 
 765 
Figure 13 shows the solar cooking and storage cooking times dependence on the total 766 
combined mass of the food cooked. The thermal mass is considered since different foods 767 
have different specific heat capacities. It is clear that both the solar and storage cooking 768 
times increase with the increase in the thermal mass of the food being cooked. Storage 769 
cooking durations were identical for both cooking fluids since the wonderbags were closed 770 
and opened at the same time since there was no way of observing the cooking processes 771 
once the wonderbags were closed. The storage cooking time is also less for all cases when 772 
compared to solar cooking indicating better cooking efficiency. Case 3 (Sunflower oil, 773 
chicken, fries) shows the shortest solar and storage cooking since it has the lowest thermal 774 
mass, and the longest cooking duration is seen with Case 1 (Water, potatoes, rice) which 775 
has the largest thermal mass. The solar cooking times for the sunflower oil storage pot are 776 
less than the erythritol storage pot for all foods cooked due to the smaller storage mass of 777 
sunflower oil. An almost linear variation in the solar cooking time is observed with an 778 
increase in the thermal mass for cases 2, 3 and 4. However, a sharp increase in the solar 779 
cooking time is observed from case 2 to case 1 possibly due to the lower average solar 780 
radiation conditions for case 1 (642 W/m2) compared to above 800 W/m2 for the other three 781 
cases as shown in Table 5.  The storage cooking time also shows the same variation as 782 









Figure 13:  Solar cooking (a) and storage cooking times (b) for different thermal masses of 792 
food. 793 
 794 







Case 3 (Sunflower oil, chicken, fries)
Case 4 (Sunflower oil, chicken, fries, tomatoes)
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 Erythritol storage cooking pot
 Sunflower oil storage cooking pot
Case 1 (Water, potatoes, rice)
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Case 1 (Water, potatoes, rice)
Case 2(Water, chicken, rice)
Case 4 (Sunflower oil, chicken, fries, tomatoes)
Case 3 (Sunflower oil, chicken, fries)
 
 
























A summary of the temperatures attained using the wonderbags during the storage cooking 795 
periods for the two pots is presented in Table 7. It is seen that higher initial cooking 796 
temperatures are seen with the oil storage cooking pot due to the higher temperatures 797 
attained during solar cooking. The PCM storage cooking pot generally shows higher final 798 
storage and cooking temperatures showing that cooking using this pot is more effective 799 
during the storage cooking periods. Cases 3 and 4 using sunflower oil as the cooking fluid 800 





Table 7: A summary of storage cooking temperatures attained using the wonderbag. 806 
 807 










Erythritol      
Case 1  100 117.1 90.1 92.9 89.4 
Case 2 90 100.3 77.0 85.6 75.9 
Case 3 60 100.7 98.2 95.8 95.7 
Case 4 70, 80 121.1, 103.0 103.0, 87.5 101.2, 90.2 93.2, 87.5 
Sunflower Oil      
Case 1 100 140.0 74.3 87.1 69.0 
Case 2 90 79.5 68.3 79.1 67.1 
Case 3 60 137.5 91.0 103.1 69.0 
Case 4 70, 80 122.3, 89.2 89.2, 72.6 105.1, 80.6  78.6, 72.3 
 808 
 809 
Table 8 shows a summary of the solar cooking period test results. Generally, food is well 810 
cooked using both storage cooking pots except that the cooking periods for the sunflower 811 
oil pot are lower than those of the erythritol storage cooking pot. The storage efficiencies 812 
are higher for the sunflower oil pot compared to those of the erythritol pot. However, the 813 
efficiencies of both pots are quite low possibly due to the low efficiency of the parabolic 814 
dish solar cooker which has been recently reported to achieve maximum water and 815 
sunflower oil heating efficiencies of 0.15 and 0.22, respectively, when using black non-816 
storage cooking pots (Mawire et al., 2020b). A larger, more efficient dish will improve the 817 
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storage efficiency as well as an optimised and more efficient storage cooking design as 818 
reported recently by Bhave and Kale (2020). The storage efficiencies for frying potatoes 819 
and cooking rice as reported by Bhave and Kale (2020) are also reasonably low at 11.34 % 820 
and 13.51 % respectively, even with an optimised storage cooking pot and a better solar 821 
concentrator resulting in higher operational temperatures. These storage efficiencies are 822 
not exceptionally higher than to the ones obtained in this study which range from 2.5 % to 823 
3.7 % for the erythritol storage cooking pot, and from 3.0 % to 7.1 % for the sunflower 824 
storage cooking pot. Two efficiencies are shown for the sunflower oil storage pot. These 825 
efficiencies signify the efficiency at the end of the solar cooking process for the sunflower 826 
oil storage pot, and the efficiency at the end of the experimental test when both pots have 827 
cooked the food. The solar cooking period for the sunflower oil pot is shorter compared to 828 
the erythritol pot; thus, the first storage efficiencies shown in Table 8 are higher than the 829 
second storage efficiencies for sunflower oil. It is also important to state improvements in 830 
the efficiency of solar collection and storage results in increased costs which will render 831 
the designed product too expensive for use in the developing world with very limited 832 
resources. Future work will look at storage pot design improvement. 833 
Table 8:  A summary of the solar cooking period experimental results 834 
 835 
Cooking pot Cooked food   Cooked  load (kg)  Cooking time 
(hrs) 
Cooking results  Storage efficiency (-) 
Erythritol      
Case 1 (Water -0.5 
kg)  
Potatoes/rice 0.4 (0.2, 0.2) 6.6 Boiled, well 
cooked 
0.037 
Case 2 (Water -0.5 
kg) 
Rice/chicken 0.4 (0.2, 0.2) 4.8 Boil, well cooked 0.025 
Case 3 (Sunflower 
oil-0.1 kg) 












Sunflower oil      
Case 1 (Water-0.5 
kg) 
Potatoes/rice 0.4 (0.2, 0.2) 5.0 Boiled, well 
cooked 
0.036*(End of solar 
cooking period) , 0.032 
(End of experimental 
test) 
Case 2 (Water-0.5 
kg) 





Case 3 (Sunflower 
oil-0.1 kg) 














A summary of storage cooking results is shown in Table 9. The erythritol storage cooking 838 
pot uses the stored heat more effectively as all the tests showed that the food are well 839 
cooked, and the heat utilisation efficiencies are higher than those for the sunflower oil pot. 840 
The erythritol storage cooking pot also shows more effective heat utilisation when cooking 841 
foods with higher thermal masses (Cases 1 and 2) as compared to the lower thermal masses 842 
(Case 3 and 4). This in agreement with the work by Islam and Sahelin (2014) where larger 843 
amounts of food resulted in better thermal performance when wonderbag slow cookers 844 
were used. For the sunflower oil storage cooking, there seems to be no clear relationship 845 
between the cooking thermal mass and the utilisation efficiency, possibly due to the 846 
inefficient heat transfer mechanisms in this pot. As already mentioned, the use of fins and 847 
other heat transfer improvements as well as cooking larger amounts of food can improve 848 
the efficiency of heat utilisation which varied between 4.8 % to 14.3 % for the erythritol 849 
storage cooking pot, and 3.7 % to 6.0 % for the sunflower oil storage cooking pot. A 850 
comparison with other related works with optimised finned storage cooking pots achieving 851 
higher operating temperatures shows considerably higher heat utilisation efficiencies of 852 
32.38 %, 32.82 % and 30.28 %, respectively (Bhave and Kale, 2020; Bhave and Thakare, 853 
2018). The efficiencies were higher also due to the latent heat contributions considered, 854 
and the thermal performance evaluations, which assumed step responses from the initial 855 
temperature to the final cooking temperature which is not the case in reality. 856 
 857 
Table 9:  A summary of the storage cooking period experimental results 858 
Cooking pot Cooked food   Cooked  load (kg)  Cooking time 
(hrs) 
Cooking results  Heat utilisation 
efficiency (-) 
Erythritol      
Case 1 (Water -0.5 
kg)  
Potatoes/rice 0.4 (0.2, 0.2) 1.7 Well cooked, rice 
and potatoes soft. 
0.143 
Case 2 (Water -0.5 
kg) 





Case 3 (Sunflower 
oil-0.1 kg) 
Chicken/fries 0.4 (0.2, 0.2) 1.0 Well cooked, food 
crispy 
0.080 
Case 4 (Sunflower 
oil-0.1 kg, 0.05 kg) 
Chicken/fries 
/tomatoes 
0.5 (0.2, 0.2, 0.1), 
0.25 
1.2. 1.3 Well cooked, food 
crispy. Chicken 
well cooked in 
second test.   
0.048*(First test) 
Sunflower oil      
Case 1 (Water-0.5 
kg) 
Potatoes/rice 0.4 (0.2, 0.2) 1.7 Well cooked, rice 
and potatoes soft. 
0.037 
Case 2 (Water-0.5 
kg) 
Rice/chicken 0.4 (0.2, 0.2) 1.5 Partially cooked, 
rice a bit hard. 
0.060 
Case 3 (Sunflower 
oil-0.1 kg) 
Chicken/fries 0.4 (0.2, 0.2) 1.0 Well cooked, food 
less crispier 
0.059 
Case 4 (Sunflower 
oil-0.1 kg, 0.05 kg) 
Chicken/fries/ 
tomatoes, Chicken 
0.5 (0.20, 0.2, 
0.1), 0.25 
1.2, 1.3 Well cooked, food 
less crispy. 
Chicken partially 
cooked in second 
test 
0.043*(First test) 
Table 10 compares the cooking temperatures achieved with the two storage cooking pots 859 
with recent work that has been published on solar cooking storage pots.  860 
  861 
Table 10: A comparison of recent work on storage cooking pots 862 
Author Storage material Storage mass(kg) Cooking fluid and 




achieved in cooking 
vessel (oC) 




 Mawire et 
al., (2020)-
Present work 
Erythritol 5.438 Water, 0.900 92.9 53 
Mawire et al., 
(2020)- 
Present work. 
Sunflower oil 3.438 Water, 0.900 87.1 13 
Mawire et al., 
(2020)- 
Present work. 
Erythritol 5.438 Sunflower oil , 
0.500 
95.8 60 
Mawire et al., 
(2020)- 
Present work. 
Sunflower oil 3.438 Sunflower oil, 0.500 103.1 11 
Bhave and 
Kale, (2020) 
Solar salt 2.230 Water, 0.325 100.0 20 
Bhave and 
Kale, (2020) 





Acetanilide 2.500 Water, 2.000 84.3 90  
Lecuona et 
al., (2013) 







Therm 500  
0.480, 0.554 Water, 0.150 100.0 30 




Not mentioned Water, 0.400 68.4 120 




Not mentioned Water, 0.400 60.1 90 
 863 
Limited previous work has been reported that clearly evaluates solar cooking storage pots; 864 
thus only five authors are used for the comparison. The maximum cooking temperatures 865 
and the times for achieving maximum cooking temperatures are slightly better than the 866 
work presented by Lecuona et al., (2013), Yadav et al., (2017) and Chaudhary et al., (2013), 867 
bearing in mind that some of these authors used larger water thermal masses and different 868 
storage materials. Bhave and Kale (2020) and Bhave and Thakare (2018) presented very 869 
optimised designs with fins, a better parabolic dish concentrator and one PCM had a higher 870 
melting temperature resulting in higher temperatures and faster temperature rises. Their 871 
storage cooking masses were also generally lower; however, the intention in the near future 872 
is to optimise the design of the cooking pots so that faster solar and storage cooking times 873 
can be achieved. 874 
4. Future work 875 
In general, the solar cooking pots showed reasonably good thermal performance 876 
considering that they were used with a relatively low efficiency parabolic dish solar cooker 877 
and the pots were not of an optimised and efficient design. More future work needs to be 878 
done to enhance the heat transfer of the storage material with the use of fins, nanoparticles 879 
and an optimised pot design. A better and more efficient parabolic dish solar concentrator 880 
needs to be used to achieve higher cooking and storage temperature. A thermal model of 881 
the cooking vessel needs to be developed to optimise the design of the pot  and also to 882 
investigate the integration of the wonderbag. The thermal model will be validated with 883 
experimental results presented in this work, and optimisation design changes (shape, fins, 884 
materials etc.) to increase the heat transfer efficiency will be performed with a parametric 885 
study. The PCM storage material showed good storage cooking characteristics, but the 886 
phase change process needs to be improved to shorten the solar cooking period, which was 887 
rather too long. Sunflower oil showed good solar cooking characteristics, but its thermal 888 
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conductivity needs to be enhanced for it to be more useful during the storage cooking 889 
period. Future work will also look at combining both PCM and sensible heat storage 890 
material in a single cooking pot to enhance the performance of the pot for both solar and 891 
storage cooking periods as reported by Yadav et al., (2017).  The effect of different loads 892 
of water and sunflower oil on the storage and heat utilisation efficiencies also needs to be 893 
studied experimentally and numerically in future work. A thermo-economic and payback 894 
analysis of the designed system also needs to be investigated to find out if it is affordable 895 
for developing countries.  896 
 897 
5. Conclusion 898 
Two similar solar cooking storage pots were compared experimentally during solar and 899 
storage cooking periods. One storage pot had sunflower oil as the sensible heat storage 900 
material, while the other one had erythritol as the phase change material. To test their 901 
thermal performance during off-sunshine periods, the two pots were placed in insulated 902 
wonderbag slow cookers. The major conclusions of the study were; 903 
1. The sunflower oil storage cooking pot showed faster cooking times (1.8-5.0 h) and 904 
higher maximum storage temperatures (124-145 oC), compared to 3.8-6.6 h and 118 -905 
140 oC, respectively, for the erythritol PCM pot during the solar cooking period due to 906 
its smaller thermal mass. The storage efficiencies for the sunflower oil pot (3.0 - 7.1 907 
%) were higher compared to the erythritol pot during the solar cooking period (2.5 - 908 
3.7 %). For both cooking pots, the cooking period increased with an increase in the 909 
total combined thermal mass of cooked food. 910 
2. The erythritol PCM storage pot outperformed the oil storage pot during off-sunshine 911 
periods by achieving lower temperature drops during the storage cooking periods even 912 
though it had lower initial storage temperatures. The temperature drops from the 913 
maximum cooking temperatures ranged from 0.1 oC to 9.7 oC for the PCM storage pot, 914 
while those of the sunflower oil pot were significantly higher, ranging between 8.3 oC 915 
to 34 oC. This was due to its larger thermal storage mass, the release of stored latent 916 
heat and higher thermal conductivity during the storage cooking period. The heat 917 
utilisation efficiencies of the erythritol pot (4.8 -14.3 %) were greater than those of the 918 
sunflower pot (3.7 - 6.0 %). The heat utilisation efficiencies of the erythritol storage 919 
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pot were generally greater for larger thermal masses as previously investigated by Islam 920 
and Salehin (2014).  921 
3. The use of sunflower oil as a cooking fluid instead of water shortened the solar cooking 922 
period, and higher temperatures were obtained. The effectiveness of storage cooking 923 
was also improved using sunflower oil as higher maximum storage cooking 924 
temperatures ranging from 95.8 oC to 105.1 oC were obtained, compared to 79.1 oC to 925 
92.9 oC for water. 926 
4. The performance of the storage cooking pots during the heat utilisation processes was 927 
comparable or slightly better than most of the previously reported works (Chaudhary 928 
et al., (2013), Lecuona et al., (2013), Yadav et al., 2017) although optimised storage 929 
cooking pot designs by Bhave and Thakare (2018) and Bhave and Kale (2020) showed 930 
better heat utilisation characteristics. 931 
 932 
Appendix A 933 
Table A1: A summary of solar storage heating experiments using a water load of 2 kg  934 
 935 
Cooking pot Average solar 
radiation and standard 
deviation (W/m2)  
Average ambient 









Storage efficiency (-) 
Erythritol      
Case 1 (13/02/2020) 607±286 27.0±1.3 1.3±0.6 6.8 0.021 
Case 2 (04/03/2020) 509±348 26.9±1.5 2.0±0.7 5.6 0.038 
Case 3 (19/03/2020) 716±352 28.4±1.7 1.4±0.5 5.6 0.038 
Case 4 (20/03/2020) 657±331 29.7±1.2 1.7±0.7 4.0 0.029 
Sunflower oil      
Case 1 (13/02/2020)  607±286 27.0±1.3 1.3±0.6 6.8 0.027 
Case 2 (04/03/2020) 509±348 26.9±1.5 2.0±0.7 5.6 0.049 
Case 3 (19/03/2020) 716±352 28.4±1.7 1.4±0.5 5.6 0.044 
Case 4 (20/03/2020) 657±331 29.7±1.2 1.7±0.7 4.0 0.048 
 936 
Table A1 shows the experimental tests for solar water heating with a water load of 2.0 kg 937 
to store heat to be used for cooking. The average solar radiation varies between 509 - 716 938 
W/m2 in the experimental tests; the average wind speeds vary between 1.3 - 1.7 m/s and 939 
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the average ambient temperatures between 26.9 - 29.7 oC. The solar water heating periods 940 
range between 4.0 - 6.8 hrs, and it observed that storage efficiencies are slightly lower for 941 
the PCM storage pot. Although the efficiencies are lower for the PCM pot, they are 942 
comparable to sunflower oil pot. The variable cloudy conditions with high standard 943 
deviations in the average solar radiation induce different solar water heating periods to 944 
attain high temperatures suitable for storage cooking purposes. 945 
Table A2 shows the storage cooking results after heating water loads of 2.0 kg. Food 946 
cooked with the PCM storage pot is well cooked in all cases, whereas the food cooked 947 
using water for the oil storage pot is partially cooked. The heat utilisation efficiencies for 948 
the PCM storage pot are very high when using water (24.2 % - 28. 1 %) as the cooking 949 
fluid compared to when using sunflower oil (4.9 - 7.1 %). On the other hand, the sunflower 950 
oil pot shows comparable efficiencies for both cooking fluids (10.4 - 16.7 %). This suggests 951 
that larger loads should be used for PCM storage pot whereas it makes no significant 952 
difference to increase the load in the oil storage pot. Solar heating with larger loads also 953 
assists in achieving higher heat utilisation efficiencies in both pots. 954 
 955 
Table A2: A summary of storage cooking experiments after solar storage heating with a 956 
water load of 2 kg 957 
Cooking pot Cooked food   Cooked  load (kg)  Cooking time 
(hrs) 
Cooking results  Heat utilisation 
efficiency (-) 
Erythritol      
Case 1 (Water -0.5 
kg)  
Potatoes 0.5 2.2 Well cooked 
potatoes soft. 
0.242 
Case 2 (Water -0.5 
kg) 
Rice/potatoes 0.5(0.1, 0.4) 2.0 Well cooked, both 
foods soft. 
0.281 
Case 3 (Sunflower 
oil-0.1 kg) 
Chicken/fries 0.4 (0.2, 0.2) 2.0 Well cooked, food 
crispy 
0.049 
Case 4 (Sunflower 
oil-0.1 kg) 




Sunflower oil      
Case 1 (Water-0.5 
kg) 
Potatoes 0.5 2.2 Partially cooked, 
potatoes not too 
soft. 
0.166 
Case 2 (Water-0.5 
kg) 
Rice/potatoes 0.5 (0.1, 0.4) 2.0 Reasonably well 
cooked, rice and 





Case 3 (Sunflower 
oil-0.1 kg) 
Chicken/fries 0.4 (0.2, 0.2) 2.0 Well cooked, food 
crispy 
0.104 
Case 4 (Sunflower 
oil-0.1 kg) 
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